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We have cloned two distinct mouse heat shock transcription factor genes, mHSFl and mHSF2. The. mHSFl . 
and mHSF2 open reading frames are similar in size, containing 503 and 517 amino acids, respectively-. . • J 
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Although mHSFl and mHSF2 are quite divergent overall (only 38% identity), they display extensive homology ^> 
in the DNA-binding and oligomerization domains that are conserved in the heat shock factors of . . 7 Z 

Saccbaromyces cerevisiae, Kluyveromyces lactis, Drosophila, tomato, and human. The ability of these two 
mouse heat shock factors to bind to the heat shock element (HSE) is regulated by heat. mHSFl is expressed in [ J 

an in vitro translation system in an inactive form that is activated to DNA binding by incubation atva f ■ 

temperatures >41°C, the same temperatures that activate heat shock factor DNA binding and the stress JYT 
response in mouse cells in vivo. mHSF2, on the other hand, is expressed in a form that hinds DNA : 
constitutively but loses DNA binding by incubation at >41°C. Both mHSFl and mHSF2 are encoded by 
single-copy genes, and neither is transcriptionally regulated by heat shock. However, there is a striking 
difference in the levels of mHSFl mRNA in different tissues of the mouse. > 
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Cells respond to a rise in temperature above physiologi- 
cal levels by rapidly inducing the expression of heat 
shock proteins that are thought to protect the cell from 
the harmful effects of prolonged exposure to elevated 
temperatures. This induction is mediated by heat shock 
transcription factor (HSF), which binds to heat shock el- 
ements (HSEs) in the promoters of heat shock genes 
(Amin et al. 1988; Xiao and Lis 1988; Abravaya et al. 
1991a). While the sequence motif to which HSFs in dif- 
ferent organisms bind — inverted repeats of the sequence 
NGAAN — is highly conserved, there are at least two dif- 
ferent mechanisms by which organisms control the tran- 
scriptional activity of HSF. In the yeast Saccharomyces 
cerevisiae, for example, HSF exists in nonstressed cells 
in a form that is already bound to DNA and then under- 
goes heat shock-dependent phosphorylation concomi- 
tant with transcriptional competence (Jakobsen and Pel- 
ham 1988; Sorger and Pelham 1988; Sorger 1990). In 
Drosopbila and vertebrate cells, however, HSF exists in 
nonstressed cells in a form that is unable to bind DNA 
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and is converted to a DNA-binding form, by heat shock 
(Kingston et al. 1987; Sorger et al. 1 98 7 } v Zimarino and 
Wu 1987; Mosser et ai: 1988). f ■. ■ ■ . . 

Genes encoding HSF have been isolated from the 
yeasts S. cerevisiae and Kluyveromyces. lactis, ~Dros- 
ophila, tomato, and human (Sorger and * Pelham 1988; 
Wiederrecht et al. 1988; Clos et'al. 1990; Scharf et al. 
1990; Jakobsen and Pelham 1991; Rabindran et al. 1991; 
Schuetz et al. 1991). In S\ cerevisiae and K.Jactis HSF 
exists as unique single-copy genes, and in Drosophila 
only one HSF gene has been isolated. In the tomato; how- . 
ever, at least three different HSF genes are expressed, and 
in human there are at least two distinct HSF genes. We 
report the cloning of two distinct HSF,genes,in mouse; 
mHSFl and mHSF2. One has the property:6f constitutive 
DNA binding similar to S. cerevisiae,-and K. .lactis t 
whereas the other shows inducible DNA binding like 
that present in Drosophila and vertebrate ceils. The pres- 
ence of two different HSFs in one species/ one with in- 
ducible and the other with constitutive : DNA-binding 
ability, raises interesting questions about the regulation 
of heat shock gene expression in eukaryotes. 
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Results .. .^..i.x-y, ^ 

Mouse "has two distinct HSFs with conserved 
. DNA-binding' arid oligomehzation domains 

- . . .. : . l> ■•: 

We have been rstudying the mammalian heat shock re- 
sponse and in particular have/been interested in the bio- 
chemical and functibnal properties as well as the mech- 
anism of activation of HSF. To facilitate our ability to 
study the, relationship between, the structure of HSF and 
- its. functional propjeiities, we sought to clone mouse HSF. 
To this end/, a'probeicoritaining a portion of the human 
;HSF1 gene ' containing, the. DNA-binding and oligomer- 
ization domaihsiiwasj used to/ screen a mouse liver and 
WEHT3 cell •lineccDNA^library. Ten independent clones 
were isolated and subjected to.:partial sequence analysis. 
•.Of-thesei-IO clones^(Gl-C9 : and-C12), the 2 longest (C12 
and ■ C9}\ iwere chosen j for further characterization. Se- 
quencing^ substantial portions of the other eight clones 
indicates that; each represents a. 1 partial cDNA contained, 
■in either the C12\ore9. cDN As. Clones C12 and C9 were 
completely: sequenced! by, using an overlapping series of 
■ exonuclease.III' deletion, mutants by the Sanger chain- 
'termination" method. ^Hereafter we will refer to CI 2 as 
the inHSF lixDNA vand C9 as the mHSF2 cDNA. 
1 : /The nucleotide and predicted amino acid sequences of 
rnHSFl arid: mHSF2 i '" are. shown in Figures 1 and 2. The 
rnHSFl' and vmHSF2 cDNAs are 1947 and 1972 nucle- 
otides, respectively. iEacfcof the cDNAs contain only one 
. long open readingfr ame. The open reading frames shown 
'for rnHSFl and mHSF2 code, for proteins of 503 and 517 
amino acids/: with estimated molecular masses of 54,800 



and 58,160 daltons, respectively. A comparison of the 
amino acid homologies between rnHSFl and mHSF2 re- 
veals that although there are regions of extensive homol- 
ogy, the sequences of these two factors, are, quite diver- 
gent (Fig. 3A). Overall, the identity is only 38 % (by the 
Wisconsin GCG GAP program with default parameters). 
rnHSFl and mHSF2 have nearly as much identity with 
Drosophila HSF.(36% and 32%, respectively) as. they do 
with each other. Most of the homology is located in the 
DNA-binding and oligomehzation domains in the 
amino- terminal half of the proteins. In these domains 
there is extensive homology with HSFs from 5. cereyi- 
siae, K lactis, Drosophila, tomato,- and human. A com- 
parison of the DNA-binding domains of >mHSFl and 
mHSF2 with the other cloned HSFs is shown in Figure 
3B. The homology between rnHSFl and mHSF2 in this 
region is 79% (83% if conservative substitution is al- 
lowed). Analysis of the consensus sequence, for this, do- 
main shows that although there are well-conserved 
amino acid positions throughout this region there is a 
core of extreme homology at the center. This 26-amino- 
acid sequence (corresponding to S. cerevisiae HSF 213— 
238) is (V/L/I)LPKYFKH (N/S)N(M/F)ASFVRQLNMYG- 
(F/W)(R/H)K(V/I). This block of amino acids also con- 
tains the sequence similarity noted previously between 
Drosophila HSF, S. cerevisiae HSF, and the bacterial 
ct-32 and ct-70 factors (Clos et al. 1990). 

The only other sequences in rnHSFl and,mHSF2 that 
exhibit significant homology with each other and with 
HSFs from other species are contained in the leucine 
zipper structural motif s implicated in oligomerization of 



1 C TGCGGC C AT GC G AGGC C T T GC T G TG TG TGCG C AGC GGGCGGCGG AGCGGC C C GG AC G G C AGGG GC AGCG ACG AC AC T AGC TCAGCCTTC 90 

1 '* MDLAVGPGAAGP SN 14 

91 AGCCACTCTTC T AAAAGGC C ACCC C AGCC TC T GC C TGC TT T CG T CCG AG AT GG ATCT GGCC G T G GGCC C C GGT GC AGC GG GGCCC AGC AA 180 



HVFDQG. QFAKEVLPKYFKHNNMASF VRQLN 
CCACGTGTT TG ACC AGGGC C AGTTTGCC AAGG AGG TGC TGCC C AAG T AC T TC AAG C AC AAC AAC ATGGCTAGCTT CGTGCGGC AGC T C AA 



LRGQEQLLENIKRKVTSVSTLKSEDIKIRQ 134 
CTTGCGTGG AC AGG AAC AGC TCCTTG AG AAC ATC AAG AGG AAAG TG ACC AGCGTG TCCACCCTG AAG AGTG AGG AC AT AAAAAT ACGCC A 540 
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CT CACT GGTGC AGT CG AACCGGATC C TGGGGGTG AAG AG AAAG ATCCC TCTG ATG TTG AG TG AC AGC AAC TC AGC AC AC TC TG TGCCC AA 

YGRQYS LEHVHGPGPYSAPSP AY5S SS LYS 
GT ATGGTCGAC AG T AC TC CC TGG AGC ATGT CC ATGGTCC TGGCCC AT AC TC AGCTCC AT CTCC AGCC T AC AGC AGC TCT AGCC T T T ACTC 

SDAVTSSGPIISDITELAPTSPLASPGRSI 
C TCTGATGCTG T C AC C AGC TCTGGACCCAT AATC TCCGATATCAC TG AGC T GGC TC CC ACC AGC CCTTT G GCC TC CC C AGGC AGGAGC AT 
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254 
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990 



991 AGATG AGAGGCC TC T GTC C AGC AGC AC TC TGGTC CGTG TC AAGC AAG AGCCC CCC AGC C C ACCTC AC AGC CC T CGGGT AC T GG AGGC GAG 1080 

315 PGRPSSMDTPLS PTAFIDSILRESEPTPAA 344 

1081 CCCTGGGCGC CCATCC TCC AT GG AT AC C CC TTTGT CCCC AAC TGC CT TCATTG AC TCCATCCTT CG AG AG AGCG AGC C T ACCCC TGC TGC 1170 

345 SNTAPMDTTGAQAPALPTPST PEKCLSVAC 374 

1171 C TC AAACAC AGC CCCT ATGGAC ACAACC GGAGCC C AAGCC C CCGC ACTCCCGAC C CCC TCC ACC CCTG AG AAGTGC C T C AGCGT AGC CTG 1260 

375 LDKNELSDHLDAMDSNLDNLQTMLTSHGFS 404 

1261 C CT AGAC AAG AACG AGCT AAG TGATCACCTGGAT GCC ATGGAC TCC AACC TGG AC AACC TGC AG ACC ATGC TG AC AAGCC ACGGCT T C AG 1350 

405 VDTSALLDIQELLSPQEPPRP IEAENSNPD 434 

1351 TGTGGACACCAGTGCCCTGCTGGACATTCAGGAGCTTCTGTCTCCACAAGAGCCTCCCAGGCCTATTGAGGCAGAGAACAGTAACCCCGA 1440 

435 SGKQL'VH.YTAQP L F L LD PDAV DTGS SE LPV 464 

1441 CTCAGGAAAGCAGCTGGTGCACTACACGGCTCAGCCTCTGTTCCTGCTGGATCCTGATGCTGTGGACACAGGGAGCAGTGAGCTGCCTGT 1530 

465 LFELG^ESSYFSEGDDYTDDPT I SI.LTGTEP 494 

1531 GCTCTTTGAGCTGGGGGAGAGCTCCTACTTCTCTGAGGGGGATGACTACACGGATGATCCCACCATCTCTCTTCTGACAGGCACTGAACC 1620 

495 HKAKDP TVS * S03 

1621 CC AT AAAGCC AAGG ACCCC AC TGTCTCC T AGAGCTC TC AGG AGTTGTCAGGCTGGCTTGTGCCTGGCCC CC AAC C T ATCCC T AGGAC ATG 1710 

1711 GC TGGTC C T AGGGAG AC AAAAC AGT TGGGT AGTCC AGGGGACCC T AGG T CAAGCC ACC AC AACCCCAGT GG AGC AC AGATGG AAC TTGGT 1800 

1801 CCTGGGC AGT ACCTTGGATCAGG AGGAAGATCCTG AGGGC TGCAT ACC TGC TGCCTTT AC CCC AGCCCC AGGTCT ACTCTC TGGTC ACAG 1890 

1891 C T TC ACAGC C ACAC T TGG ACT G ACCCTGC AGGT TGT T C AT AAAAT TGTATTTTGGCC 1947 



Figure 1. Nucleotide and predicted 
amino acid sequence of rnHSFl. The DNA 
sequence presented was obtained by se- 
quencing an overlapping set of exonu- 
clease III deletion mutants of cDNA clone 
C12 (rnHSFl). Start and stop codons are 
indicated by underlining. Sequence data 
for rnHSFl have been submitted to EMBL/ 
GenBank data libraries under accession 
number X61753. 
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Figure 2. Nucleotide and predicted 
amino acid sequence of mHSF2 (for de- 
tails, see legend to Fig. 1). Sequence data 
for mHSF2 have been submitted to EMBL/ 
GenBank data libraries under accession 
number X61754. 



1 GAG TGATCCACATGTAGG AAC ACC T AG AGGCC AG AG G AAC TGGACTTCCCGG AGC AGC AGCTGCTGCC AC CGC CGC TGC TGC CGCCGCCG 9 0 

1 MKQSSNVP8 

91 CCGCCGCC GCCGCCGC TGCG ACCTCCGCG TTCGGTAGT AG AATTTGG AATC CCTGCACCGGGCT AAC AATG AAGC AG AG T T CC AACGTGC 180 

9 AFLSKLWTLVEETHTNEF I TWSQNGQSFLV 38 

181 CGGC T T TCC T C AGC AAGC TGTGGACGCT TGTGG AGG AAACCC AC ACC AAC GAGTTCATCACC TGG AGT C AG AATGG AC AAAG TT TTCTGG 270 

39 LDEQRFAKEILPKYFKHNNMASFVRQLNMY 68 

271 TC T TGGATG AGC AAAG AT T TG C AAAGG A AAT TC TTCCT AAGT ACTTC AAAC AC AAT AAC ATGGCG AGCT T TGTG AG AC AAC T AAAT AT GT 360 

69 GFRKVVHIESGIIKQERDGPVEFQHPYFKQ98 

361 ATGGC T TCCG AAAAGT AG TGC A T ATCG AATC TGG AATT ATC AAAC AG G AAAG AG ATGG CC CT G T TG AAT T TC AGC ATC CTT AT T TC AAGC 4 50 

99 GQDDLLENIKRKVSSSK'PE ENKI RQEDLTK 128 

451 AAGGCC AGGATGACCTGT TGG AG AAC AT T AAAAGG AAGGT T TC ATCTTC AAAACC AG AGG AAAAT AAAAT T CG TC AGG AAG AT T T AAC AA 540 

129 JISSAQKVQIKQETIESRLSELKSENESLW 158 

541 AAATT ATT AG TAG TGC TC AG AAGG T T C AAAT AAAAC AAG AAACT AT TG AGTCC AGGC TTT C AG AAT T AAAAAGTG AG AATG AAT CCC T T T 630 

159 KEVSELRAKHAQQQQV1RKIVQF IVTLVQN 188 

631 G G AAGG AGGT G TC AG AAC T AAG AGC AAAGC ATGC C C AGC AGC AAC AAGT T AT TCGG AAG ATTG TCCAGTTTATTGTTACATTGGTTC AG A 720 

189 NQLVS LKRKRPLLLNTNGAPKKNLYQH IVK 218 

721 A T AATC AAC TTGTGAGTTT AAAAC G T AAAAGGC CTC T AC T T CT AAAC AC AAATGG AGC CCC AAAG AAGAATC TAT ATC AGC AC AT AGTC A 810 

219 EPTDNHHHKVPHSRTEGLKSRERISDDI I I 246 

811 AAG AACC AAC TG AT AATC ACC AT CAT AAAG TTCC AC AC AG C AGG AC T GAAGGT T T AAAGTC AAG AG AACGG AT T T C AG ATG AC AT AATT A 900 

249 YDVTDDNVDEENI PV I PETNEDVVVDS SNQ 278 

901 TTTATGATGTTACTGACG AT AATG TGGATGAAG AAAA TATTCCAGTTATTC C AG AAAC AAATG AGG ATG TTGTAGTGGATTCCT CC AAC C 990 

279 YPDIVIVEDDNEDEYAPVIQSGEQSEPARE 306 

991 AG T A T C C TG AC A TTGTCATTGTT G AAG AT G AC AACG AG GAT GAGTATGCTCCTGTCAT TC AG AGTGG AG AGC AG AG T G AACC AG CC AG AG 1080 

309 PLRVGSAGSSSPLMSSAVQLNGSSSLTSED 338 

1061 AACCCTTACG TGTGGGG AGTGC TGGC AGC AGC AGCCCTCTCATGTCTAGTGCTGTCC AGC T AAACG GCTCCTCCAGTCTGACCTC AG AAG 1170 

339 PVTMMDSILNDNIHLLGKVELLDYLDSIDC 368 

1171 ACCCTGTGACCA TG ATGG ACTCC ATTCTGAATG AC AAC ATT AAC CT G TT AGG AAAGGT TG AGC T GT T GG A T T ACC TTGACAGTATTGATT 1260 

369 SLEDFQAMLSGRQFS 1DPDLLVDSENKGLE 398 

1261 GC AG TTTAGAGGACTTCC AAGC T ATGC T C TC AGG AAG AC AG T T T AGC ATAGACCCAGATCTTCTGGTTGATTCTG AG AAT AAGGG ACT AG 1350 

399 AT KS SVVQHVSEEGRKSKSKPDKQLIQYTA 428 

1351 AAGCT ACC AAG AGC AGTG TTGTTC AAC ATG TGTC AG AAG AGGG AAG AAAATCT AAAT CC AAGCC AG AC AAAC AAC TT AT CC AG T AT ACTG 14 40 

429 FP LLAFLDGNSASAI EQGSTTAS S EVV PSV 458 

1441 CCTTTCCACTTCT TGC ATTCCTGG ATGGG AAC TCTGCATCTGCTAT TG AAC AGGGG AGT AC AAC TGC ATCG TC AG AAGTT GTGCCT TC T G 1530 

• 459 DKP IEVDELLDSSLDPEP 'T i.*Q V S K* L V-'-R" l'-'-'-E" P L* T 488-' 

1531 TAG AT AAACCC AT AG AAGTCG ATG AGCTCCTGG AT AGC AGCCTGGATCC AG AACCG ACCC AG AGT AAGCT TG T CC GCC TGG AACC ATTG A 1620 

489 EAEASEATLFYLCELAPAP,LDS. D MPLLDS * 517 

1621 C TGAAGCGG AAGC T AGTG AAGCC AC AC TCTTCTATTT ATGTG AAC T TGC TCCTGC ACCTC TGG AT AG TG AT ATGCCGCTT T T AG AT AGT TP 1710 

1711 AAAC T C CC AAGTGG AC ACTGT ATATATTC ATC AAAATG AT G AAG TATTTATTTT AAAGT ATC ATT TGGT AC T T TG T TCTGT AAATT ACT T 1800 

1801 TTT GT T T AATCCG A T AC T G TGG AATC AA AGCACCTTTT GCT TT TCT C AC T AAC CAT ACT C T C AC AT AGCTT.T C AG AT GC TACTCGACTGC 1690; 

1891 CT AGG CAT AT ACG T TT T AATGC AC ATTACTGGCAT ATCTTAAGTTC AAT TC AAATGG CCA TTT TCTCC AGT T G T AAT TGG A T 1972 



Drosophila and S. cerevisiae HSF (Sorger and Nelson 
1989; Closet al. 1990). Figure 3C shows that the oligo- 
merization domains of mHSFl and mHSF2 exhibit a 
nearly identical pattern of the three leucine zipper hep- 
tad repeats of hydrophobic amino acids with Drosophila 
HSF (Clos : et al. 1990), as well as a fourth -newly identi- 
fied 'carboxy- terminal leucine zipper motif conserved in 
' Drosophila HSF, human HSF1, and human HSF2 (Clos et 
al. : 1990;'Rabindran et al. 1991; Schuetz et al. 1991). In 
support of'tne functional importance of each of these 
leucine zipper motifs in Drosophila HSF, mHSFl, and 
mHSF2 are the numerous conservative mutations main- 
taining hydrophobic amino acid residues at required po- 
sitions in each heptad repeat; The function of the fourth 
* carboxy-terminal leucine zipper is unknown but has 
been speculated to be involved in formation of the inac- 
tive state of HSF under nonshock conditions or as part of 
a transcriptional activation motif (Rabindran et al/1991; 
Schuetz l etial;"'1991). : ' ' : • 

Examination of the DNA-binding domains arid leucine 
zipper motifs of mHSFl and mHSF2, with respect to po- 
sition in the proteins, shows that their organization is 
very similar (Fig. 3D). One interesting aspect of this or- 
ganizatiorr relative* to other HSFs is the localization of 
these two 1 miictional domains at the extreme amino ter- 
minus of each protein. This appears to be a trend in the 
evolution of -HSF structure. In the HSFs of the yeasts K. 
lactis and S. cerevisiae there are 195ahd 173 amino ac- 
ids, respectively, from the amino terminus to the begin- 
ning of the DNA-binding domain. In Drosophila HSF, 
this distance has been reduced to 48 amino acids ; and in 



mHSFl and mHSF2, only 16 ,and 8 amino acids, respec- 
tively, separate the amino- terminal methionine from the 
DNA-binding domain, m.the three .tomato. HSFs this dis 1 
tance is also quite short, with- 30/>^2,cari4 ; 7 amino acids. 
(Scharf et al. 1990). ; ^ M^^&'i.v^^^^' ::. 

Southern and Northern blot analyses :in dicate that' t 
mHSFl and mHSF2 are encoddd 'By >r ],sihgle : copy 'genes " 
whose expression is not induced .Ify/h&aVshbck'' ^ 1 \ 

Southern blot analysis of mouse Hyergenbmic DNA- cut,: 
with £coRI, Pstl, or £coRI'arid ?5tI and probed ^ith, oli- 
gonucleotides complementary ;-toj -5{ ^untranslated ; .se: 
quences of the mHSFl and rhHSF2;_c^ 
58-97 of mHSFl cDNA; aP5-146^f;.mHSF2icDNA) in 
dicates that the genes encoding, rnHSF 1 and<mHSE2.are- 
both present as single copies in -the; mouse genome.- (Fig; 
4): However, this experiment, dot$ (not rrule* but the pos- .. 
sibility that the mouse genome; encodes < other members 
of an HSF gene family that^coritairiicq^ing sequence ^.ho- 
mologies to mHSFl or mHSF2.,v/ ?ri^ ■■. -v.' 

Northern blot analysis of poly(A) + RNA from control 
and heat-shocked mouse .NIH-f3T3!.. cells indicates that, 
the sizes of the mature mRNAs vencpding : mHSFl and 
mHSF2 are -2000 and 2100 nucleptidesyrrespectiv.ely,*: 
which is in good agreement with ibDISf A sizes iori mHSFl 
and mHSF2 of 1947 and. 19.72- bp/ ^fespeCtivelyjFig. 5Aj>- 
Additionally, at least two^minor- smaller mRN A ; species, 
appear to be in RNA lanes. probed: with mHSF2 cDNA, 
but it is not known whether these, species correspond. to 
other members of a related gene family or whether, they 
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mHSFI 1 MDLAVGPGAAGPSNVPAFLTKLWTLVSDPDTDAL I CWSPSGNS FHVFDQG 50 

.. | | | I | | i . | | III,! . :..|:.:(,. ||. .|. II |:|:. 
mHSF2 1 ., MKQSSNVPAFLSKLWTLVEETHTNEFITWSQNGQSFLVLDEQ 4 2 

51 QFAKEVLPKYFKHNNMASFVRQLNMYGFRKWHI EQGGLVKPEBDDT . EF 99 

• I I I I : I I I I I I M I f l.| I I I I'l I i M I I 1 i I I I I : I : : I - I I I : . II 
43 RFAKEILPKYFKHNNMASFVRQLNMyGFRKVVHIE . SGI IKQERDGPVEF 91 

100 QHPCFLRGQEQLLENIKRKVTSVSTtLKSEDI K I-RQDSVTRLLTDVQLMKG 149 
HIM . | I :: | | i I I I | | | - I | . | :. | | | |': .: | I = • 

92 QHPYFKQGQDDLLENIKRKVSSS. . . KPEENKI RQEDLTKI I SSAQKVQI 138 

150 KQECMDSKLLAMKHENEALWREVASLRQKHAQQQKVVNKLIQFLISLVQS 199 

I II . : : I : I - : I I H - I I : I I - -l/l - I I I I I I . I : . I : : I t : : • I I I • 
139 KQETI ESRLS ELKS ENESLWKEVS ELRAKHAQQQQVIRK I VQFI VTLVQN 188 

200 NRI LGVKRKI PLMLSDSNSAHS VPKYGRQYSLEHVHGPGPYSAPSPAYSS 249 

I . : : : : I I I I I : I : . | : | . . . - I ■: : I - : I • I • 

189 NQLVSLKRKRPLLL.NTNGAPKlttfLYQH.'. . . . I VKEPTDNHHHKVFHSR 232 

' 250 SSLYSSDAVTSSGPIISDITELAPT SPLASPGRS I DERPLSSSTL .* . . . V 295 
■ . ■ I , . I . : I I I :J-: ■ ... . . . : |. . : . | . • : 

233 teglksreri sddi i iydvtddnvdeenipvi petnedwvdssnqypdi 282 

■■ .296 rvkqeppspphsprvleaspgrpssm'd'tplsptafidsilreseptpaas 345 

, 283 viveddnedeyapviqsgeosepareplrvgsagsssplmssavqlngss 3 32 

' "'346 ntapmdttgaqapalptpstpekclsvacldknelsdhldamdsnldnlq 395 

' - . - . |. - . - T. . , " : I : |. I I J - I I . : I : . | : :: I 

333 SLTSEDPVTMMDS I LND '. . - NI NLLGKVELLDYLDSI DCSLEDFQ 374 

396 TMLTSHGFSVDTSALLD IQELLSPQEPPRPI EAENSNPDSGKQLV 440 

. II • • I I-: I . • I :'| • - I - - - ■ h . I . . . . :'| M : 

.". 375 . AMLSGRQFS IDPDLLVDSENKGLEATKSSWQHVSEEGRKSKSKPDKQLI 424 

441 HYTAQPLF . LLDP ....... DAVDTGSSELPV '. .'. . LFELGESSYFSEGD 478 

* • :||-| It: :||. .. U II — - :|::| I =■ 

425 QYTAFFLLAFLDGNSASAI EQGSTTASSEWPSVDKPI EVDELLDSSLDP 474 

479 DYTDDPTI SLLTGTEPHKAKDPTVS 503 

: |:.. :.'| . ||:. | . : : |V- * ■ " ' " ' 
475 EPTQSKLVRLEPLTEAE. ASEATLFYLCELAPAPLDSDMPLLDS 517 



B 

ScHSF 173-PA*FVNKLWSMLNDDSNTKLIQWAEDGKSFIVTNREEFVHQILPKYFKHSNFASFVRQ-229 
KlHSF 195-PA*FVNKLWSMVNDKSNEKFIHWSTSGESIWPNRERFVQEyLPKYFKHSNFASFyRQ-251 
DmHSF 47-PA*FLAKLWRLVDDADTNRLICWTKDGQSFVIQNQAQFAKELLPLNYKHNNMASFIRQ-103 
LpHSF 7-PAPFLLKTYQLVDDAATDDVISWNEIGTTFWWKTAEPAKDLLPKYFKHNNFSSFVRQ-64. ' - 
mHSFI 1 6-PA*FLTKLWTLVSDPDTDALICWSPSGNSFHVFDQGQFAKEVLPKYFKHNNMASFVRQ-72 
mHSF2 " 8-PA*FLSKLWTLVEETHTNEFITWSQNGQSFLVLDEQRFAKEILPKYFKHNNMASFVRQ^64; 
Consensus PA*FL-KLW-LV-D — N — LI-W. G-SF-V 



230-LNMYGWHKVQDVKSGSI*QSSSDDKWQFENENFIRGREDLLEKIIRQKG J 277 'ScHSF 

252-LNMYGWHKVQDVKSGSM*LSNNDSRWEFENENFKRGKEYLLENIVRQKS-299 KlHSF; 

104-LNMYGFHKITSIDNGGL*RFDRDEI*EFSHPFFKRNSPFLLDQIKRK* *-148 i DmHSF' 

65-LNTYGFRKI* ********** * VP DK WE F AN ENF KRGQKE LLTA IRRRKT -101 LpHSF 

73-LNMYGFRKWHIEQGGLVKPERDDT*EFQHPCFLRGQEQLLENIKRKVT-120 mHSFI ' 

65-LNMYGFRKWHIESGII*KQERDGPVEFQHPYFKQGQDDLLENIKRKVS-112 mHSF2 ■ 
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Figure 3. [A] Amino acid homologies be- 
tween mHSFI and mHSF2. Comparison was 
generated by the Wisconsin GCG GAP pro- 
gram by using default parameters. \B) Amino 
acid homologies between DNA-binding do- 
mains of S. cerevisiae HSF, K. lactis HSF, 
Drosophila HSF, tomato HSF24, mHSFI, and 
mHSF2. Gaps placed in individual sequences 
to allow lineup of highest homology are in- 
dicated by asterisks (*). A consensus amino acid sequence considering conservation of three or fewer amino acids at each position is 
indicated below the individual sequences. Matches of five of six at a position are listed only as the predominant amino acid. (C) 
Conserved heptad repeats in leucine zipper motifs of mHSFI, mHSF2, and Drosophila HSF. Heptad repeats of hydrophobic axnino acids 
of leucine zippers 1, 2, and 3 of conserved oligomerization domain [top] and carboxy- terminal leucine zipper 4 [bottom] are indicated 
by 0 and ♦. Heptad repeats of Drosophila HSF oligomerization domain [top] are taken from Clos et al. (1990). (D) Organization of 
DNA-binding domain and leucine zipper motifs of mHSFI and mHSF2. 



mHSF2 




represent alternative splicing products of a single precur- 
sor mHSF2 mRNA, utilization of different start sites or 
3' -processing sites, or possibly intermediates in the deg- 
radation pathway. The levels of mHSFI and mHSF2 
mRNA are not altered by heat shock; and run-on tran- 
scription analysis of nuclei isolated from control and 



heat-shocked 3T3 cells shows no change in expression of 
mHSFI or mHSF2 mRNA (B. Phillips, unpubL). Reprob- 
ing the blots for actin mRNA and hsp70 mRNA con- 
firmed that equal amounts of mRNA were present in 
each lane and that heat shock induction had occurred 
(Fig. 5B). 
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Figure 4. Southern blot analysis of mHSFl and mHSF2 genes 
in mouse. Mouse liver genomic DNA digested with EcoRI, Pstl, 
or both £coRI and Pstl (lanes 1, 2, and 3, respectively) was sep- 
arated by agarose gel electrophoresis, blotted onto nitrocellu- 
lose, and probed with oligonucleotides that are complementary 
to sequences in the 5 '-untranslated region of mHSFl or mHSF2 
(for location of oligonucleotide binding sites, see Materials and 
methods). Migration of DNA size markers is indicated at left. 



mHSFl is expressed in an inactive form induced to 
DNA binding by heat treatment while mHSF2 binds 
DNA constitutively 

To characterize the biochemical and functional proper- 
ties of these two mHSFs, both mHSF genes were ex- 
pressed in vitro by using T7 polymerase to make syn- 
thetic capped mRNAs, which were translated in a rabbit 
reticulocyte lysate in vitro translation system. The pro- 
teins expressed by in vitro translation of mHSFl and 
mHSF2 in the presence of [ 35 S]methionine are 75 and 72 
kD,, respectively, on SDS-polyacrylamide gels (Fig. 6). 
These sizes are substantially larger than the derived mo- 
lecular masses for mHSFl and mHSF2 of 54,800 and 
58/160 daltons, respectively. Such discrepancies between 
measured and estimated molecular masses appear to be 
characteristic of the several HSFs that have been cloned 
to date and, at least in our system, may result from either 
ppst-translatiohal modification, which may occur in our 
in vitro translation system, or some not-yet-understood 
anomalous behavior of these proteins in SDS-PAGE gels. 

The ability of mHSFl and mHSF2 to bind the HSE was 
then, examined by gel-shift assay of the in vitro-trans- 
iated proteins. Figure 7 A shows that the DNA-binding 
ability of these two factors is altered in very different 
ways by heat treatment. In the case of mHSFl, the pro- 
. tein produced by in vitro translation is unable to bind 
DNA when it is left on ice or incubated at 37°C for 1 hr 
but acquires DNA-binding ability when it is incubated at 
43°C. In the case of mHSF2, however, the in vitro-trans- 
lated protein binds DNA constitutively at 0°C or 37°C 
for 1 hr but completely loses DNA binding at 43°C. 
These changes in DNA-binding ability, which have been 
consistently reproducible for both mHSFl and mHSF2, 
are not caused by any obvious changes in protein 
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Figure 5. Northern blot analysis'of mHSFl and mHSF2 rtiRNA 
in control and heat-shocked cells. (A) Poly(A) + (3 ^g) RNA from 
NIH-3T3 cells grown at 37°C (control) or heat-shocked at 43°C 
for 1 hr was separated on a 1% agarose gel containing formal- 
dehyde, blotted onto nitrocellulose, and probed with primer- 
labeled cDNAs for mHSFl (C12),or mHSF2 (C9). Migration of 
RNA size markers is indicatfil:; at left: (B) Northern blots re- 1 
probed with human (J-actin cDN A and human hsplO cDNA. 



amounts or degradation of; the mHSFl and mHSF2 poly- * 
peptides, induced by postltxanslation heat treatments as 
analyzed by SDS-polyacrylamide gels of the [ 3S S]methio- 
nine-incorporated proteins,(Fig:'7B). Although we have 
hot yet been able to measure^he native, size of. the DNA-. 
binding forms of mHSFl.!andT}mHSF2, ; the nearly equal.- 
gel-shift mobility of thes.ecf actors, with HSF extracted 
from heat-shocked mouse^c^ells suggestsv that they are 
also forming large multimers:; .'.i^.; ♦.: ■ 'tVv .\ :'. i.*/" 
Both the activation of DNA binding of. mHSFl' and the/ 




Figure 6. Denatured size of; -mHSFl .and; mHSF2 protein- ex- 
pressed in vitro. Synthetic RNAs transcribed. in vitro from the 
mHSFl and mHSF2 cDNAs were translated -in a rabbit reticu- 
locyte lysate in the presence of.l 35 S]methionine and analyzed by 
SDS-PAGE. (Lane M) 14 C-Labeled protein size markers. 
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Figure 7. Regulation ' of DNA binding ; . of 
mHSFl and mHSF2 by heat. [A] Aliquots of 
mHSFl and mHSF2 in vitro translation reac- 
tions were incubated either on ice (0°C);>f 
37°C, or at 43°C for 1 hr and analyzed by gel- 
shift assay using an oligonucleotide contain- 
ing four inverted NGAAN repeats. In vitro 
translation reactions containing no added,ex- . 
ogenous RNA are indicated, as are lanes con- 
taining shifts of whole-cell extracts of control 
(37°C) and heat-shocked (43°C, 1 hr) NIH-3T3 
cells. [B] In vitro translation reactions and 
post-translation incubations were performed 
exactly as in A except that [ 35 S]methiohirie 
was substituted for cold methionine. Samples 
were analyzed by SDS-PAGE and fluorogra- 
phy. (Lane M) 14 C-Labeled protein size mark- 
ers. 



loss of DNA binding of mHSFT by treatment at 43°C are 
very rapid and nearly complete 1 after only 20 min of in- 
cubation (Fig; 8A). An -examination of the temperature 
profile for activation of mHSFl and loss of mHSF2 DNA 
binding shows an increase in mHSFl binding with treat- 
ment at 39°C ; an apparent peak at 41°C, and sustained 
biniirig activity up to 45°G/ whereas the mHSF2 profile 
shows' substantial loss of constitutive binding at 39°C, 
increasing to near total ■ loss; at 41°C, and no detectable 
binding at >43°C (Fig. 8B). Attempts to recover DNA- 
binding activity from heat-treated mHSF2 have been un- 
successful so far, .. 

It is important to note .that the constitutive DNA- 
binding form of mHSF2 has a very distinct mobility on 
native gels from that of a constitutive HSE-binding ac- 
tivity (CHBA), which we have observed in extracts of 
non-heat-shocked HeLa cells and mouse 3T3 cells 



(Mosser et al. 1988; K.D. Sarge, unpubl.). In addition, the 
mHSF2 constitutive activity binds equally well to all 
HSE oligonucleotides that we have tested, including a 
human hsp70 HSE, mouse hsp70 HSE, and the ideal HSE 
shown in Figure 7A ; whereas the CHBA factor binds to 
the human and mouse hsp 70 HSEs but does not interact 
with the idealized HSE (K.D. Sarge, unpubl |. therefore,' 
at least in this system and under the conditions that we 
are using, neither mHSFl nor mHSF2 gives rise to CriBA 
activity. 

mHSFl and mHSF2 bind the HSE specifically 
and contact the same G residues as HSF extracted 
from heat-shocked mouse cells 

Specificity of mHSFl and mHSF2 DNA binding for the 
HSE was demonstrated both by competition gel-shift as- 




Figure 8. Temperature arid time depen- 
dence of heat-regulated DNA binding of 
mHSFl and mHSF2. Aliquots of in vitro 
translation reactions were incubated at 
43°C for different times \A) or different 
temperatures (5) for 60 min. The last lane 
in each panel contains extract from heat- 



shocked mouse 3T3 cells (3T3 HS). 
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says and methylation interference analysis. Figure 9 A 
shows that both the in vitro-activated DNA-binding 
form of mHSFl (43°C, 60 min) and the constitutively 
binding mHSF2 are specifically competed from binding 
to the labeled HSE by a 50-fold molar excess of cold HSE 
oligonucleotide but not by a 50-fold molar excess of an 
oligonucleotide containing a CCAAT-binding site. Meth- 
ylation interference . analysis shows that mHSFl, 
mHSF2 / and HSF extracted from heat-shocked NIH-3T3 
cells all contact the same G residues in the ideal HSE- 
binding site (Fig. 9B), which is depicted in Figure 9C. 
Identical results have been obtained from several differ- 
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Ideal HSE 



rriHSE 



5 » CTAGAAGCTTCTAGAAGCTTCTAG 3 ' 
3 ' GATCTTCGAAGATCTTCGAAGATC 5 * 
• • • 



CACCAGACGCGAAAC*GCTGGAAGATTCCTGGCCCCAA 
GTGGTCTGCGCTTTGACGACCTTCTAAGGACCGGGGTT 



t :;Eigure 9. Specificity of DNA binding by competition and 
.'methylation interference. (A) Aliquots of in vitro- translated 
-mHSFr (activated at 43°C for 60 min] and mHSF2 were analyzed 
, by gel-shift assay without added competitor (N), with a 50-fold 
' rdolar excess of unlabeled HSE ($), or with a 50-fold molar ex- 
cess of a CCAAT-binding site oligonucleotide (NS). [B] In vitro- 
. translated mHSFl (activated at 43°C, for 60 min) and mHSF2 
and HSF extracted - from heat-shocked mouse 3T3 cells were 
.subjected" to methylation interference analysis. The methyl- 
ation patterns of the fraction of HSE DNA bound to protein (B) 
or free of protein (F) is shown next to the G residue ladder (L). (C) 
A summary of the methylation interference results for the ideal 
HSE and the mouse hsplO HSE is shown. (•) Guanine residues 
that interfered with factor binding. 



ent methylation interference experiments. We have also 
performed methylation interference analysis with an oli- 
gonucleotide containing an HSE from the mouse hsplO 
gene promoter (Hunt and Calderwood 1990); a summary 
of these results also shows indistinguishable patterns of 
contact G residues for binding of mHSFl , mHSF2, and 
HSF from heat-shocked mouse 3T3 cells (Fig. 9C). This is 
not surprising in view of the high degree of homology 
between mHSFl and mHSF2 in the DNA-binding do- 
main. 



Variation in amounts of mHSFl mRNA 
in different mouse tissues 

As a precursor for future studies on the role of mHSFl 
and mHSF2 in mouse cells, we were interested to know 
whether there was any regulation of mPISFl mRNA lev- 
els in different mouse tissues.- Northern blot analysis of 
total RNA extracted from mouse tissues probed with 
mHSFl cDNA shows that there is a surprising variation 
in the levels of mHSFl vmRNA-in various- {issues (Fig!, 
10). Of the selected tissues shown, ovary has the highest 
amount of mHSFl RNA, with slightly less in placenta 
and heart. Lower levels .are ; observed in testis and fetal 
brain, and it is undetectable in the uterus and, maternal 
brain.. Probing of this blot with a p-actin cDNA verified 
that there were equal amounts of RNA in each lane (data 
not shown). These large variations are surprising in view 
of the supposed universal nature of the heat shock re- 
sponse but may reflect different requirements in differ- 
ent tissues for more or less heat shock response capabil- 
ity. We also attempted i to^exarnine mHSF2 mRNA. levels, 
in these same tissues, butV the, amounts were; below de- 
tectable levels iri total F^NA samples. 
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Figure 10. Variation^ of . mHSF 1„ mRNA levels in .different, tis- 
sues. Total RNA from tissues of normal, adult mice andietal and 
maternal brain were subjected /to Northern blot analysis ,by us- 
ing the full-length mHSFl' cDNA as probe. The size of the 
mRNA (in kilonucleo tides), as determined by comparison with 
RNA size markers, is indicated at left. 
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Discussion- . 

Regulation of DNA-biridhig ability of mHSFl 
MndmHSF2 ' ■* . ."V" ^ ' ^ r 

In the budding yeasts 5. cerevisiae and : K. lactis, HSF 
exists 1 in a- form that eons titutively binds the heat shock 
element : (Jakdbsen and 'Pelham 1988, 1991). In most 
other species studied, indudin&£)rosopMa, tomato, and 
vertebrates/ HSF -only binds 5 * to* DNA after exposure to 
-heat or other stresseV(Kirigs'f6n^et-al. r 1987; Zimarino and 
Wu 1987; Scharf et al.4990). This inducible DNA bind- 
ing : is accompanied by 1 oligornerization and may be trig- 
gered :by protem corifdrniatiohal changes caused by heat 
or other stress signals (Mdsser et al, 1990; Abravaya et al. 
1991b).' Of the two'motise HSFs'that we have cloned, one 
has-the r pfdperty- of 'inducible' DNA binding while the 
other binds : DNA coristitutively. Given the high degree 
of homology' and similar organization of the DNA-bind- 
• ingand oligomerizatiori ; domairis of mHSFl and mHSF2, 
we c^ri postulate two possibilities for the different regu- 
lation of DNA-bindirig ability of these two factors. In the 
first scenario;' the. DNA-bindirig ability of mHSFl, pre- 
sumably mediated by the ability to oligomerize, is some- 
how masked and requires some protein conformational 
cHanges -in "one or rriore domains to, be.' unmasked. The 
impetus -fori this eoriforrriatidhal change would be pro- 
vided' by 'heat or other stress : signals. mHSF2, on the 
other hand, could- be expressed in a form that is not 
masked "arid may immediately oligomerize and bind 

DNA/ •• 

In-' the' second scenario/ the CNA-binding ability of 
mHSFl: may be controlled by the binding of a repressor 
protein, and'- the stress sisals' would activate mHSFl by 
disrupting this interaction. This repressor protein may 
not be able to bind to mHSF2 ; hence, it would be free to 
oligomerize and bind DNA. This model has already been 
proposed for cloned Drosdphila HSF which, like mHSF2, 
also binds DNA consf itutively (Clos et al. 1990). For this 
second model to be true there would have to be a protein 
or other molecule in a rabbit reticulocyte lysate that 
could bind to and repress mouse HSF. Others have al- 
ready postulated that heat shock proteins, which are 
well-conserved and might be capable of this kind of 
cross-species functional interaction, would be logical 
candidates for HSF repressors; however, as yet, no direct 
evidence exists to support this hypothesis. Experiments 
are in progress to determine whether the regulation that 
we have observed for mHSFl and mHSF2 DNA binding 
is specific to expression in reticulocyte lysates or 
whether it is also observed in other expression systems 
such as Escherichia coli or mouse cell lines. 

The need for multiple HSFs in a single species 

Despite the existence of multiple HSF proteins in organ- 
isms as widely separated evolutionarily as mammals and 
plants, it is not known how general this phenomenon 
may be. The reason for multiple HSFs in these species is 
unclear, but it raises the possibility that each factor has 
a different role or function in regulating transcription of 



heat shock genes. For example, each factor could respond 
to a different stress signal or set of signals. This could* 
explain the seeming unrelatedness of many of the, myr- :x 
iad known inducers of the stress response (Morimotp et 
al. 1990). ' • 

Another possibility is that one factor could be acting 
positively and the other acting negatively on heat shock - 
protein .expression. However, at least in HeLa cells no 
repressor-like HSE-binding activity has been observed on 
the hsp70 promoter in vivo prior to or during attenuations 
of a heat shock response (Abravaya et al. 1991a). 

Alternatively, it is possible that some species have di- 
vided HSF function into separate inducible and consti- 
tutively active factors. The inducible activity could re- 
spond to stress signals and activate the classical heat 
shock response, whereas ,the constitutive, activity could/; 
be used to turn on heat shock genes in the absence -of 
stress, for example, during specific developmental stages 
or perhaps in cells that require higher basal levels of heat . 
shock proteins. This possibility is consistent with the * 
observations of developmentally regulated expression, of 
heat shock proteins during mouse embryogenesis and 
differentiation of the mouse male germ line and the high, 
levels of constitutive HSE-binding activity in unstressed' 
embryonal carcinoma cells . (Barrrier. et al. 1987; Zakeri. 
and Wolgemuth 1987; Mezger et al. 1989). Thus, 'the- 
need for both an inducible and constitutive HSF may 
simply be a requirement of the need for heat shock pro- 
teins not only in the stress response but also in many 
aspects of normal cell development and function. 

The presence of multiple HSFs in a single species 
raises one more very interesting question. Are HSF mul- 
timers. composed only of identical HSF subunits (homo- 
multimers) or can they contain a mixture of different 
HSF subunits (heteromultimers)? Given the high degree 
of homology between the oligomerization domains of 
mHSFl- and mHSF2 it seems likely that they could po-* 
tentially co-oligomerize. However, although our North- 
ern analysis shows that both mHSFl and ; mHSF2 ! 
mRNAs are expressed (at least in mouse 3T3 cells), we 
do not know whether both proteins exist in the same 
cell. If heteromultimers do form, regulation of the rela- 
tive stoichiometry of HSF subunits could modulate the 
function of the HSF complex. This might provide differ- 
ent cells with the ability to fine-tune the function of HSF 
to suit their individual needs. 

Materials and methods 

Library screening and sequencing 

A mouse liver cDNA library purchased from Clontech [oli- 
go(dT)- and random-primed] and a mouse WEHI-3 cell line 
cDNA library [oligo(dT)-primed] (a generous gift of Silvana 
Obici) were screened by hybridization with a 468 -nucleotide 
sequence corresponding to a portion of hHSFl sequence gener- 
ated by PCR with degenerate oligonucleotide primers based on 
conserved S. cerevisiae and Drosophila HSF sequences and sub- 
cloned into pGEMl. Greater than 2 x 10 6 PFU was screened 
from the Clontech mouse liver cDNA library and 1 x 10 6 PFU 
from the WEHI-3 cDNA library. Nine independent cDNA 
clones (C1-C9) were obtained from the Clontech library, and 
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one was obtained from the WEHI-3 library (C12). Two of these, 
C12 and C9, appeared to be full-length and were chosen for 
further analysis. The cDNA inserts were subcloned into the 
EcoRI site of pGEMl. 

A series of deletion mutants of C12 and C9 were prepared by 
exonuclease III digestion by standard protocols (Sambrook et al. 
1989) ; and overlapping sets of mutants were sequenced by the 
Sanger chain-termination method. 

Southern and Northern hybridization analysis 

For Southern blot analysis, 40 ^g of mouse liver genomic DNA 
was digested with £coRI, Pstl, or both £coRI and Pstl and elec- 
trophoresed on a 0.7% agarose gel in 0.5 x TBE (45 mM Tris- 
borate, 1 mM EDTA) and blotted onto nitrocellulose by using 
standard protocols (Sambrook et al. 1989). The blots were hy- 
bridized with either a 40- or 42-mer oligonucleotide comple- 
mentary to nucleotides 58-97 or 105-146 in the 5 '-untranslated 
regions of the mHSFl or mHSF2 cDNAs, respectively. The blots 
were washed to final conditions of 57°C, 1 x SSC, 0.1% SDS. 

For Northern blot analysis, 3 jig of poly(A) + RNA isolated 
from control (37°C) and heat-shocked (43°C, 1 hrf NIH-3T3 cells 
was separated on.a 1% agarose gel containing formaldehyde and 
blotted onto nitrocellulose by using standard protocols (Sam- 
brook et al. 1989). The blots were hybridized with primer-la- 
beled C12 (mHSFl) or C9 (mHSF2) cDNAs and washed to final 
conditions of 68°C, 0.2 x SSC. The blots were subsequently 
stripped and reprobed with a human p-actin probe to verify 
equal amounts of mRNA in each lane and also reprobed with a 
human 1 hsp70 probe. to confirm heat shock induction. For 
Northern analysis of RNAs from tissues, 30 fxg of total RNA 
was loaded in each lane and probed with mHSFl cDNA as de- 
scribed above. The blot was probed for actin mRNA to verify 
equal loading of mRNA in each lane. 

: In vitro translation ; 

' Full-length capped synthetic RNA was made from the cDNAs 
for mHSFl (C 12) and mHSF2 (C9) by T7 RNA polymerase tran- 
scription of template linearized by Smal digestion^ Reactions 
"contained 40 mM Tris-HCl (pH 7.5); 6 mM MgCl 2 , 2 mM sper- 
;'midine; 10 mM NaCl; 10 mM dithiothreitol; 0.5 mM nucleotides 
A,;C,,andU, and Q.05 mM nucleotide G; 0.5 mM 7 mGpppG cap 
. analog; 40 units, of RNasin; 2 .jxg of linearized template; and 50 
.units of T7 RNA polymerase. Reactions. were incubated at 37°C 
. for 2 hr and, after. digestion, by 10 units of RNase-free DNase at 
37°C for 20 min; the transcribed RNA was extracted with phe- 
nol-chloroform and precipitated with ethanol. The RNA was 
collected by centrifugation, washed with 70% ethanol, air- 
dried, and resuspended in water at a concentration of 1 ^g/|il. 
"' Synthetic capped mHSFl and mHSF2 RNAs were translated 
in ■ a. rabbit reticulocyte lysate in vitro translation system 
•,(Promega);- Each 20-|xl reaction contained 15 of lysate, 25 \xm 
ramino acids, 10 units of RNasin, and 2 \Lg of RNA, at 30°C for 
2 hr: Translations incorporating labeled methionine contained 
20 M-Ci of [ 35 S]methionine (800 Ci/mmole) in place of the unla- 
beled amino acid. [ 35 S]Methionine-incorporated proteins were 
analyzed on SDS-polyacrylamide gels followed by fluorography. 

Gel-shift assay and m ethyla tion in terference an alysis i ' 

In vitro- translated mHSFl and mHSF2and extracts from con- 
trol and heat-shocked NIH-3T3 cells were assayed by gel shift 
as described previously (Mosser et al. 1990) with a self-comple- 
mentary ideal HSE oligonucleotide (5 ' - CTAG AAGCTTCT A- 
GAAGCTTCTAG-3'), which contains four perfect inverted 



NGAAN repeats when annealed. Competition gel-shift analysis 
was performed as described previously (Mosser et al. 1990). 

Binding of in vitro-translated mHSFl and mHSF2 to both the 
ideal HSE oligonucleotide described above and a mouse HSE 
oligonucleotide (top strand; 5 ' -CACCAGACGCG AAACTGC- 
TGGAAG ATTCCTGGCCCC AA-3 ' ), based on the mouse 
hsplO gene promoter (Hunt and Calderwood 1990), was exam- 
ined by methylation interference analysis as described previ- 
ously (Mosser et al. 1988) either as translated (mHSF2) or after 
in vitro activation at 43°C for 1 hr (mHSFl). 
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